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Objectives: The aim of this study was to clarify the dynamics of lymphatic
drainage of the pleural cavity to understand the mechanism of malignant
pleural effusion. 
Methods: We injected carbon particles into the pleural cavity of monkeys
subjected to general anesthesia. We then observed the parietal pleura with a
video-assisted thoracoscope and scanning and transmission electron micro-
scopes to examine the regions of the parietal pleura where the carbon parti-
cles had been absorbed. 
Results: The video-assisted thoracoscope showed that the carbon particles
had gone directly to the costal, mediastinal, and diaphragmatic pleura by 10
to 15 minutes after injection. From the scanning and transmission electron
microscopes, we found that the parietal pleura in the costal and mediastinal
regions consisted of 3 elements: a layer of small mesothelial cells, the mac-
ula cribriformis, and lymphatic lacunae. Stomata (3-5 µm in diameter) were
found between the small mesothelial cells. The macula cribriformis was
composed of densely packed collagen fibrils and had many foramina (3-10
µm in diameter). Intrapleurally injected carbon particles were carried into
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T he prognosis of patients with lung cancer who havemalignant pleural effusion is thought to be general-
ly poor. For this type of effusion to be understood bet-
ter, it would be valuable to define the structure and dis-
tribution of the lymphatic system in the parietal pleura.
Intrapleurally injected particulate matter1 and erythro-
cytes2 are known to drain mainly to the parietal pleura.
Studies with a scanning (SEM) and transmission elec-
tron microscope (TEM) have illustrated that the pari-
etal pleura of the rat3 and sheep4 consists of a single
layer of mesothelial cells and that stomata are inter-
posed between the mesothelial cells. These stomata
connect the pleural cavity and the submesothelial lym-
phatic capillaries.5 Recently, an enzyme histochemical
technique used to identify lymphatic vessels6,7 demon-
strated that the lymphatics in the costal pleura of the
monkey ran parallel to the intercostal muscle fibers and
that, in the mediastinal pleura, these lymphatics had a
treelike appearance.8 Particulate matter injected into
the pleural cavity probably drains into the lymphatic
capillaries via the pleural stomata. However, this
remained to be clarified.
Using a silver-impregnation technique capable of
demonstrating collagen and reticular fibers,
Kihara9,10 and Tubouti11,12 detected a sievelike struc-
ture in the submesothelial connective tissue of the
human diaphragm and costal pleura. This characteris-
tic structure was named the macula cribriformis, and
the researchers suggested that it formed a prelym-
phatic fluid pathway in the submesothelial connec-
tive tissue. In addition, they suggested that the macu-
la cribriformis was closely involved with tumor
infiltration into the diaphragm.13 Recently, the sodi-
um hydroxide (NaOH) maceration–SEM method was
used to demonstrate that the macula cribriformis in
the diaphragm was located between the peritoneal
mesothelial cells with stomata and the subperitoneal
lymphatic capillaries.14,15
The first aim of our study was to examine the presence
and 3-dimensional structure of the macula cribriformis
in the parietal pleura of the monkey by SEM and to elu-
cidate the topographic relationship between the macula
cribriformis and mesothelial stomata or subpleural lym-
phatic lacunae. The second aim was to clarify the kinet-
ics of lymphatic drainage in the parietal pleura. These
aims were fulfilled by using video-assisted thora-
coscopy, TEM, and SEM to examine the absorption of
carbon particulates (CH40) injected into the pleural cav-
ity of the monkey during normal breathing.
Materials and methods
Stereoscopic and electron microscopic studies. Three
Japanese monkeys (Macaca fuscata) weighing 8 to 12 kg
were used. The animals were fed in accordance with our uni-
versity’s guidelines for the care of experimental animals.
They were deeply anesthetized with an intramuscular injec-
tion of ketamine hydrochloride (5 mg/kg), followed by an
intraperitoneal injection of sodium phenobarbital (25
mg/kg). They were placed in a lateral recumbent position
with orotracheal intubation. After 2 mL of carbon parti-
cles16 (Nacalai Tesque, Inc, Kyoto, Japan) had been inject-
ed diffusely into the pleural cavity, the lung was reinflated
by continuous suction. After 90 minutes of spontaneous res-
piration, the animals were put to death by exsanguination
and perfused with a fixative of 2.5% glutaraldehyde and 2%
paraformaldehyde in cacodylate buffer (0.1 mol/L), pH 7.4
(Karnovsky fixative) given through the abdominal aorta and
infused into the pleural cavity. After the pleural cavity had
been washed out with saline solution, the parietal pleura
was examined with a stereoscope, and the lymphatic system
was photographed. For the SEM study the tissues were first
examined macroscopically; then 1-cm2 block samples of
those areas of parietal pleura containing absorbed carbon
particles were taken from the costal, mediastinal, and
diaphragmatic regions. They were immersed in the
Karnovsky fixative for 2 hours. Some of the tissue blocks
were washed thoroughly with saline solution. Others were
immersed in 2N NaOH at 37°C for 2 hours to expose the sub-
mesothelial connective tissue. These blocks were postfixed in
cacodylate-buffered (pH 7.4) 1% osmium tetroxide for 2
hours and dehydrated in a graded series of ethanol, dried by
the t-butyl alcohol drying method, sputter coated, and viewed
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and the foramina of the macula cribriformis. The lymphatic lacunae filled
with carbon particles were richly distributed in both the anterior costal pleu-
ra and the mediastinal pleura. 
Conclusion: We suggest that the mesothelial stomata and the macula cribri-
formis are structures essential to the absorption of macromolecules and cel-
lular elements from the pleural cavity into the lymphatic system.  (J Thorac
Cardiovasc Surg 2000;120:437-47)
under an H-800 SEM (Hitachi, Ltd, Tokyo, Japan). For TEM,
the parietal pleura was cut into small pieces, immersed in the
Karnovsky fixative for 2 hours, and postfixed in cacodylate-
buffered (pH 7.4) 2% osmium tetroxide/1% potassium ferro-
cyanide for 2 hours. They were then dehydrated in a graded
series of ethanol and embedded in epoxy resin. Thin sections
were cut, stained with methanolic uranyl acetate and aqueous
lead citrate, and viewed under a JEOL-100CX TEM (JEOL
Ltd, Akishima, Japan). 
Video-assisted thoracoscopic study. We used 3 Japanese
monkeys (Macaca fuscata) weighing 8 to 12 kg. The ani-
mals were deeply anesthetized by the technique mentioned
above and placed in a lateral recumbent position with oro-
tracheal intubation. A video-assisted thoracoscope (5 mm in
diameter, 30°; Olympus Optical Co, Ltd, Tokyo, Japan) was
then inserted into the pleural cavity through the seventh
intercostal space. When the pleural cavity was opened the
lung naturally collapsed as a result of the spontaneous
breathing. After a 2-mL solution of carbon particles had
been injected diffusely into the pleural cavity via the other
port, the lung was reinflated by continuous suction. The
pleural cavity and the lymphatic drainage of carbon parti-
cles in the parietal pleura were observed by video-assisted
thoracoscopy every 10 to 15 minutes. 
Results
Distribution of the lymphatic system in the pari-
etal pleura. With the naked eye and the stereomicro-
scope, we confirmed that carbon particles injected into
the pleural cavity had been taken up by the lymphatic
lacunae and vessels of the parietal pleura by 1 hour
after injection. The lymphatic capillaries (lacunae)
filled with carbon particles were distributed in the
superficial layer of the costal pleura and mediastinal
pleura surrounding the esophageal hiatus and aortic
hiatus. The lacunae in the costal pleura ran parallel to
the intercostal muscle fibers (Fig 1, A), and those in the
mediastinal pleura showed a reticular pattern (Fig 1, B).
We found that the carbon particles were richly
absorbed into the lymphatic lacunae in the costal pleu-
ra near the internal thoracic vessels. In addition, inject-
ed carbon particles were found in the parasternal and
mediastinal trunks.
SEM study. We used SEM to examine the areas of
the costal pleura that had absorbed the injected carbon
particles. We recognized two structurally different
types of mesothelial cells in the costal pleura. One
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Fig 1.  Steroscopic images showing that intrapleurally injected carbon particles enter the network of the subpleur-
al lymphatic lacunae. The lymphatic lacunae in the costal pleura run parallel to the rib (A), and those in the medi-
astinal pleura are dense in the region surrounding the aortic hiatus (B). (Original magnification × 30.)
had a flattened shape and was approximately 15 to 20
µm in diameter. The other cell type was small, with
rounded apices. These two types of cells formed
groups that were arranged alternately (Fig 2). The api-
cal surfaces of the smaller mesothelial cells had short
microvilli and microprojections. We recognized small
holes (stomata) 4 to 8 µm in diameter between these
cells. The endothelial cells of the submesothelial lym-
phatic lacunae were visible through these stomata
(Fig 3). In contrast, the larger mesothelial cells had
numerous microvilli but no stomata. On the basis of
these findings, it appears that the lymphatic lacunae
were situated beneath the groups of smaller mesothe-
lial cells with stomata. In the samples of costal pleura
treated with 2N NaOH at 37°C for 30 minutes, some
of the mesothelial cells had been removed and the
submesothelial connective tissues had been exposed.
Numerous foramina 3 to 8 µm in diameter, consisting
of collagen fibers, were visible in the submesothelial
connective tissues. These foramina were distributed
just beneath the smaller mesothelial cell groups (Fig
4). The endothelial cells of the subpleural lymphatic
lacunae were also visible through these foramina. The
stomata between the smaller mesothelial cells were
connected with the foramina. Furthermore, intrapleu-
rally injected carbon particles were seen in the foram-
ina. In the samples of costal pleura treated with 2N
NaOH at 37°C for 1 to 2 hours, all the mesothelial
cells had been removed by the maceration process,
and the submesothelial connective tissues could be
satisfactorily examined by SEM. The submesothelial
connective tissues looked like a sheet and had a sieve-
like structure. This peculiar structure with numerous
foramina was fundamentally the same as that of the
macula cribriformis demonstrated in the monkey
diaphragm.14,15 The macula cribriformis in the costal
pleura ran parallel, and it was arranged in accordance
with the arrangement of the smaller mesothelial cell
group and the subpleural lymphatic lacunae. At high
magnification, the macula cribriformis appeared to
consist of dense collagen fibrils. In the areas without
foramina, where the macula cribriformis was not pre-
sent, there were very small spaces (approximately 1-2
µm) between the collagen fibrils (Fig 5). In conclu-
sion, the SEM study of the parietal pleura revealed
that the macula cribriformis was situated between the
mesothelial cell groups with stomata and the subme-
sothelial lymphatic lacunae.
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Fig 2.  SEM of the inner surface of the monkey costal pleura. Areas consisting of smaller (S) cuboidal and larger
(L) flat mesothelial cells can be recognized. The arrangement of small cell groups is similar to that of subpleural
lymphatic lacunae. (Original magnification ×150.)
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Fig. 3. SEM of stomata can be seen between smaller cuboidal mesothelial cells. The lymphatic endothelial cell can
be seen through stomata. (Original magnification × 3300.)
Fig. 4.  SEM of the costal pleura treated with 2N NaOH for 4 hours at 37°C. The subpleural connective tissue layer
is visualized by removal of mesothelial cells, showing a sievelike appearance. This structure corresponds to the
macula cribriformis and possesses many foramina. (Original magnification × 280.)
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Fig 6.  TEM of the costal region where intrapleurally injected carbon particles were absorbed. Carbon particles can
be seen in the macula cribriformis (asterisks) beneath smaller mesothelial cells and in the lumen of the lymphatic
lacuna (LL). (Original magnification × 2200.)
Fig 5.  SEM of the costal pleura treated with 2N NaOH for 30 minutes at 37°C. Some of small mesothelial cells
are partially removed, and the macula cribriformis with foramina are visible beneath them. The macula cribriformis
consists of collagen fibrils, and the abluminal surface of the lymphatic endothelial cells can also be seen. (Original
magnification × 1100.)
TEM study. We also clarified that the lymphatic
lacunae were distributed beneath the mesothelial cells
(Fig 6). Carbon particles injected into the pleural cavi-
ty were taken up by the lymphatic lacunae of the pari-
etal pleura after 30 minutes. TEM analysis of the costal
pleura revealed that carbon particles entered the lumi-
na of the subpleural lymphatic lacunae mainly via the
mesothelial stomata (Figs 7 and 8). Carbon particles
were found in small vesicles and vacuoles in the cyto-
plasm of the smaller mesothelial cells (Fig 7), but few
carbon particles were seen in the cytoplasm of the larg-
er mesothelial cells. The numbers of carbon particles
taken into the cytoplasm of the smaller mesothelial
cells had increased by 60 minutes after injection. Our
most interesting finding was that a great number of car-
bon particles were found in the large spaces in the sub-
mesothelial connective tissues, which were collagen
bundles (Figs 6 to 8). These submesothelial spaces
apparently corresponded to the foramina of the macula
cribriformis. The carbon particles, carried from the
pleural cavity into the foramina of the macula cribri-
formis, had to pass the walls of the lymphatic lacunae
to enter their lumina. Carbon particles could be found
in the spaces between neighboring lymphatic endothe-
lial cells (Fig 8). Furthermore, they frequently
appeared to stick to the vesicles and small vacuoles
opening into the lymphatic lumina (Fig 7). 
Video-assisted thoracoscopic study. We opened the
pleural cavity 10 minutes after the intrapleural injection
of carbon particles, and the lung collapsed naturally
during spontaneous breathing. We were then able to
examine the lymphatic drainage of carbon particles in
the parietal pleura every 10 to 15 minutes through
video-assisted thoracoscopy. We confirmed the pres-
ence of lymphatic drainage of injected carbon particles
in the costal pleura near the intrathoracic vessels (Fig 9,
A), the diaphragmatic pleura (Fig 9, B), and the medi-
astinal pleura containing the hilum of the lung, the aor-
tic arch, the aortic hiatus, and the esophageal hiatus.
Carbon particles had been absorbed into the lymphatics
of the diaphragmatic pleura by 10 minutes after injec-
tion (Fig 10, A). By 30 minutes after injection, the car-
bon particles had disappeared from this area (Fig 10, B);
most had been carried to the parasternal region (Fig 11).
Discussion
Since the pleura plays an important role in pulmonary
function and in a variety of diseases, much attention has
been paid to the details of its structure. Recent knowl-
edge of pleural morphology is based on descriptions
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Fig 7. TEM showing that intrapleurally injected carbon particles pass through a stoma into the lumen of the lym-
phatic lacunae (LL). Note that carbon particles pass the intracellular space (arrow) of the lymphatic endothelial
cells. (Original magnification × 2000.)
attained by light microscopy, SEM, and TEM. The pari-
etal pleura is known to have openings (mesothelial
stomata) connecting the pleural cavity with the subme-
sothelial lymphatic system. The stomata are known to
be distributed in the anterior costal pleura in human
beings, rodents, rabbits, and sheep.4,17-19 In the monkeys
used in our study, the rich distribution of these stomata
was recognized by SEM, both at the anterior costal
pleura and at the mediastinal pleura. Although sparsely
distributed stomata have been reported in the human
diaphragmatic pleura,20 we failed to detect stomata in
the diaphragmatic pleura of the monkey. Further close
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Fig 8. TEM of the costal pleura. There are carbon particles in vacuoles (small arrow) of the smaller mesothelial
cell, the subpleural connective tissue space, and vacuoles (large arrow) of the lymphatic endothelial cell in addi-
tion to the stoma (S). (Original magnification × 5000.)
Fig 9. Video-assisted thoracoscopic images of the parietal pleura 10 minutes after intrapleural injection with car-
bon particles. Carbon particles are absorbed at the costal pleura near the intrathoracic vessels (arrow; A) and at the
diaphragmatic pleura (arrow; B). 
observation may be needed. The monkey costal pleura,
like that of the rat,19 was covered with two different
types of mesothelial cells: one small and round and the
other large and flat. The stomata were present only
between the former types of cells. The linear arrange-
ment of the smaller cell groups was parallel to the inter-
costal muscle fibers, corresponding to the arrangement
of the submesothelial lymphatics (lymphatic lacunae)
that absorbed the injected carbon particles. Using a sil-
ver-impregnation technique capable of demonstrating
collagen and reticular fibers, Kihara9,10 and Tubouti11,12
have detected a sievelike structure, the macula cribri-
formis, in the submesothelial connective tissue of the
human diaphragm and parietal pleura. Recently, the
existence of the macula cribriformis has been reported
in the diaphragmatic pleura of the monkey, rat, and
mouse in an SEM study that used a maceration tech-
nique.14,15 Our SEM study demonstrated that the macu-
la cribriformis was present between the mesothelial
cells with stomata and the lymphatic lacunae. The size
and number of foramina of the macula cribriformis
were larger than those of the mesothelial stomata. The
foramina of the macula cribriformis demonstrated by
SEM appeared to correspond to those areas lacking col-
lagen fibers, as demonstrated by TEM. From our SEM
and TEM findings, we suggest that the foramina of the
macula cribriformis also form short channels between
the pleural cavity and the lymphatic lacunae or between
the pleural mesothelial cells and the lymphatic lacunae.
In some TEM studies of the costal pleura of rats and
rabbits intrapleurally injected with particulates, carbon
particles or blood cells were found to reach the lumina
of the lymphatic lacunae through mesothelial stomata
and the interendothelial spaces of the lymphatic lacu-
nae.5,7,19 In our monkeys, intrapleurally injected carbon
particles were found in the cytoplasmic vesicles and
vacuoles of the mesothelial and lymphatic endothelial
cells, as well as in the stomata and interendothelial
spaces mentioned above. Massive carbon particles were
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Fig 10.  Video-assisted thoracoscopic images of the diaphragmatic pleura. Carbon particles can be seen in the sub-
pleural lymphatics of the diaphragmatic pleura 10 minutes after injection (A), but they are nearly lost 30 minutes
after injection (B).
Fig 11. Video-assisted thoracoscopic images of the anterior
costal pleura. Carbon particles mainly drained to the paraster-
nal portion 30 minutes after being injected intrapleurally
(arrow).
stored in the foramina of the macula cribriformis; this
strongly supports Kihara’s thesis9 that the macula crib-
riformis functions as a prelymphatic pathway. Masada’s
enzyme histochemical study8 of the monkey parietal
pleura illustrated that the diaphragmatic pleura had ini-
tial and collecting lymphatics. In our experiment, the
intrapleurally injected carbon particles were still not
visible within the lymphatics of the diaphragmatic pleu-
ra 1 hour after injection.
In contrast, video-assisted thoracoscopic observation
demonstrated that the intrapleurally injected carbon
particles drained to the diaphragmatic pleura as early as
10 minutes after injection. This finding may be due to
the fact that the myogenic activity of the diaphragm
greatly contributes to lymphatic drainage.21-23 From
our continuous observation by video-assisted thora-
coscopy, we showed that intrapleurally injected carbon
particles were absorbed throughout the costal, medi-
astinal, and diaphragmatic pleura and that the main
route of drainage of the pleural cavity was the paraster-
nal lymphatic system. According to the x-ray data of
Pereira and Grande,24 the translocation of tungsten
powder (CaWO4) from the pleural space to regional
lymph nodes is a rapid process in the normally breath-
ing dog and is first directed to the parasternal lymph
nodes. Video-assisted thoracoscopy, which we used to
investigate the lymphatic drainage of the parietal pleu-
ra of the monkey during normal breathing, also seems
to be very useful for experimental study.
Recently, attention has been focused on intrapleural
lavage cytology at thoracotomy in patients with no evi-
dence of carcinomatous pleuritis, because the progno-
sis of patients with positive cytologic findings is poor
compared with that of patients with negative find-
ings.25-29 Although the reason for this poor prognosis is
not well understood, the lymphatic system of the pari-
etal pleura may be one of the routes by which cancer
cells in the pleural space migrate to systemic organs. 
As shown in Fig 12, this system consists of mesothelial
cells with stomata, the macula cribriformis, and underly-
ing lymphatic lacunae, being similar to that in the
diaphragmatic peritoneum.14,15 The mesothelial stomata
act as the entrances for cellular elements and macromol-
ecules from the pleural cavity into the subpleural lym-
phatic lacunae. In our study, a great number of carbon
particles were stored in the foramina of the macula crib-
riformis. Certainly, this finding may not be concisely
adaptable to the pathway of tumor cells, because carbon
particles, as shown in the figures, are too small as com-
pared with tumor cells. Nevertheless, according to the
previous studies in the diaphragmatic peritoneum, not
only carbon particles but cellular elements such as
macrophages,14 erythrocytes,15 and tumor cells13 also
could pass via the peritoneal stomata and the macula crib-
riformis into the lymphatic lacunae. Therefore, we sug-
gest that the poor prognosis of patients with positive cyto-
logic findings on pleural lavage might be due to the
nature of the structure of the parietal pleura.
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Fig 12.  Diagram showing the lymphatic system in the parietal pleura. This system consists of mesothelial cells (M)
with stomata (arrows), macula cribriformis (MC) with foramina (asterisks), and underlying lymphatic capillary
(lacuna) (LC).
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